Introduction
Mitochondria are essential for cell viability. Although mitochondria are best known for their function in oxidative phosphorylation and the citric acid cycle, many mitochondrial structures, including the respiratory chain complexes, ATP synthase, citric acid cycle enzymes and mitochondrial DNA, can be removed and yeast cells are still viable on fermentable medium (Contamine and Picard, 2000) . Systematic gene deletion studies in yeast suggested that about 18% of all cellular proteins belong to the group of strictly essential proteins, that is, the deletion of each individual protein of this group is lethal for yeast under both fermentable and non-fermentable conditions (Giaever et al, 2002) . In the case of mitochondria, however, less than 5% of the known proteins belong to this group of proteins that are strictly essential for cell viability as individual proteins Sickmann et al, 2003) . Defining the molecular functions of these essential proteins is thus critical for understanding the cellular role of mitochondria.
To date, the only essential biosynthetic task performed by yeast mitochondria is the assembly of Fe/S proteins . As a consequence, known essential mitochondrial proteins function either in this biochemical pathway or in the biogenesis of the organelle itself. Essential proteins involved in protein import have been found in the translocase of the outer mitochondrial membrane (TOM complex), the sorting and assembly machinery of the outer membrane (SAM complex), the import system of the intermembrane space, the translocases of the inner membrane (TIM), the presequence translocase-associated motor (PAM) and further molecular chaperones, as well as in the matrix processing peptidase (Neupert, 1997; Rehling et al, 2003; Koehler, 2004) . Essential proteins of the iron-sulfur cluster (ISC)-assembly machinery in the mitochondrial matrix include the cysteine desulfurase Nfs1 as central component, as well as the ferredoxin reductase Arh1 and the ferredoxin Yah1 that probably function in an electron transfer chain for reduction of sulfur formed by Nfs1 (Kispal et al, 1999; Lange et al, 2000; Li et al, 2001; Lill and Mü hlenhoff, 2005) . Moreover, the homologous scaffold proteins Isu1 and Isu2, at which the de novo ISC formation takes place, can substitute for each other; yet, a double deletion of both proteins is lethal (Schilke et al, 1999; Mü hlenhoff et al, 2003) . The chaperone Jac1 is essential in most genetic backgrounds (Strain et al, 1998; Kim et al, 2001; Lutz et al, 2001; Voisine et al, 2001 ) and cooperates with the non-essential Hsp70, Ssq1, in ISC assembly (Schilke et al, 1996; Knight et al, 1998) . The essential cochaperone Mge1 performs a dual role in protein import and Fe/S protein biogenesis (Dutkiewicz et al, 2003) . These essential and further non-essential subunits of the ISCassembly machinery contain homologs/correlates in the bacterial ISC, NIF and SUF systems for Fe/S cluster biogenesis, while the majority of essential components of the protein import machinery are specific for eukaryotic cells (Pfanner et al, 2004; Johnson et al, 2005; Lill and Mü hlenhoff, 2005) . The mitochondrial ISC-assembly machinery is also required for the biogenesis of Fe/S proteins in the eukaryotic cytosol and nucleus (Kispal et al, 1999; Lill and Mü hlenhoff, 2005) . For this process, components of the mitochondrial ISC-export machinery are needed, including the ABC transporter Atm1 (Kispal et al, 1999) and the essential intermembrane space protein Erv1, which is involved in both Fe/S protein biogenesis and protein import (Lange et al, 2001; Mesecke et al, 2005; Rissler et al, 2005) .
Here, we report the identification of an essential mitochondrial matrix protein, designated Isd11. Isd11 is a novel subunit of the mitochondrial ISC-assembly machinery. It is conserved throughout eukaryotes but not found in prokaryotes, in contrast to the other members of the ISC-assembly machinery. Isd11 forms a stable complex with Nfs1 that we term the ISC-biogenesis desulfurase (ISD) complex. We define the function of Isd11 to be early in ISC biogenesis as it is required for de novo Fe/S cluster formation on the Isu scaffold proteins.
Results

Isd11 is an essential protein of the mitochondrial matrix
We performed a systematic comparison of high-throughput studies on gene deletion and subcellular protein localization in Saccharomyces cerevisiae. The open reading frame YER048w-a, now termed ISD11, was found to be essential for cell viability in a sporulation approach and code for an 11 kDa protein with mitochondrial localization (Winzeler et al, 1999; Huh et al, 2003) . We confirmed the essential nature of ISD11 in a plasmid loss approach (see Materials and methods). We found homologs of Isd11 throughout the eukaryotic kingdom but not in prokaryotes ( Figure 1A) . A limited similarity of Isd11 is observed with the eukaryotic accessory subunits B22 and B14 of mitochondrial complex I of the respiratory chain. B22 and B14 have been grouped into the LYR family, named after the conserved tripeptide LYR (LYK). As the molecular functions of B22 and B14 are not known, the grouping of Isd11 into the LYR family did not provide information on its function.
Upon differential centrifugation of a cell extract, Isd11 cofractionated with the mitochondrial matrix protein Mge1 ( Figure 1B) , confirming the mitochondrial localization observed with a green fluorescent protein (GFP)-tagged Isd11 (Huh et al, 2003) . Isd11 imported into isolated mitochondria was not proteolytically processed and showed the same electrophoretic mobility as endogenous Isd11 detected by immunodecoration ( Figure 1C ). To determine the submitochondrial localization of Isd11, isolated yeast mitochondria
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Mito. . Black, identical amino-acid residues in at least four proteins; gray, similar residues. (B) Yeast cells were fractionated by differential centrifugation and analyzed by SDS-PAGE and Western blotting. S, supernatant; P, pellet (multiples of 1000 g). (C) 35 S-labeled Isd11 precursor was imported into isolated mitochondria. The mitochondria were swollen, treated with proteinase K and separated by SDS-PAGE. Analysis was performed by immunodecoration (lane 1) or digital autoradiography (lanes 2-4). (D) Mitochondria were either left untreated or subjected to swelling or sonication. Then, a treatment with proteinase K was performed as indicated. (E) Mitochondria were incubated at alkaline pH or subjected to sonication, followed by centrifugation at 100 000 g. T, total; AAC, ADP/ATP carrier.
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were treated with proteinase K. Isd11 remained protected, whereas the outer membrane receptor Tom70 was degraded ( Figure 1D ). Upon swelling of mitochondria, Isd11 remained intact like Mge1, whereas the intermembrane space-exposed Tim23 was degraded. Only when the matrix was opened by sonication, Isd11 was accessible to the protease ( Figure 1D ), indicating that Isd11 is either a matrix protein or an inner membrane protein accessible from the matrix side only. We subjected mitochondria to a treatment at alkaline pH. Isd11 was fully extracted from the membranes both at pH 11.5 and the milder condition of pH 10.8 (Truscott et al, 2003) , whereas the integral membrane protein ADP/ATP carrier remained in the membrane pellet ( Figure 1E ). The lack of a predicted hydrophobic transmembrane segment supports the conclusion that Isd11 is not an integral membrane protein.
When membranes and soluble fraction were separated after sonication of mitochondria, about 60% of Isd11 was found in the supernatant ( Figure 1E ). Thus, Isd11 shows an intermediate behavior in comparison to the peripheral inner membrane protein Tim44, which was largely found in the membrane fraction, and the matrix proteins Mge1 and Nfs1, which were mainly present in the soluble fraction. We conclude that Isd11 is an essential protein of the mitochondrial matrix loosely associated with the inner membrane.
A conditional yeast mutant of Isd11 reveals a relation to protein maturation but not to protein import We generated conditional yeast mutants of ISD11 by lowfidelity PCR and selected the strain isd11-1 that was strongly impaired in growth on non-fermentable medium at 371C (Figure 2A ). Previous studies with temperature-conditional yeast mutants of mitochondrial proteins revealed that mitochondria isolated from cells grown at low, permissive temperature often showed kinetic deficiencies in specific processes that pointed to the function of the mutated protein (Truscott et al, 2002; Gabriel et al, 2003) . As the majority S-labeled precursor of Yah1 was imported into isolated mitochondria for 10 min, followed by dissipation of Dc and a further incubation (chase). Imported mature-sized (m) Yah1 was analyzed by SDS-PAGE and digital autoradiography. The maximal amount formed was set to 100%. (G) The experiment was performed as described for panel F except that apo-Yah1 and the ISC-containing holo-Yah1 were analyzed by native PAGE (Lutz et al, 2001 ).
of essential mitochondrial proteins are required for protein import, we first analyzed the import of radiolabeled preproteins. The matrix-targeted precursors of F 1 -ATPase subunit b and Su9-DHFR were imported and processed to the mature forms with similar efficiency in isd11-1 and wild-type mitochondria ( Figure 2B and C). The inner membrane protein cytochrome c 1 was similarly imported and processed by isd11-1 mitochondria as in wild-type mitochondria ( Figure 2D ). Moreover, isd11-1 mitochondria imported the outer membrane protein porin, as analyzed by formation of the assembled protein on blue native polyacrylamide gel electrophoresis (BN-PAGE) ( Figure 2E ).
As no major effects on protein import were observed, we analyzed the maturation of Yah1 that contains an Fe/S cluster. The radiolabeled precursor of Yah1 was first imported into isolated mitochondria and then the membrane potential Dc across the inner membrane was dissipated to prevent further import of new precursors. The formation of processed, mature-sized Yah1, as analyzed by SDS-PAGE, occurred with similar efficiency in wild-type and isd11-1 mitochondria ( Figure 2F , lanes 1 and 5). To analyze the maturation of Yah1 to the holo-form containing the Fe/S cluster, we used the fact that holo-Yah1 migrates as a defined species on a native gel (Lutz et al, 2001) . The formation of the holo-form was significantly diminished in isd11-1 mitochondria compared to wild-type mitochondria ( Figure 2G , lanes 1 and 5). In a second incubation (chase), further maturation of Yah1 was allowed for up to 30 min; however, the holo-Yah1 levels in isd11-1 mitochondria remained far below the wildtype levels ( Figure 2G ). Rather a reduction of the maturesized Yah1 was observed in isd11-1 mitochondria ( Figure 2F , lanes 6 and 7), suggesting that the apo-form of imported mature-sized Yah1 is not stable without the Fe/S cluster. These results indicate a role of Isd11 in the formation of the holo-form of Yah1 but not in preprotein import.
Isd11 is required for the stability of the cysteine desulfurase Nfs1
To obtain evidence for the role of Isd11 in vivo, cells were grown under two conditions and the steady-state protein levels of isolated mitochondria were compared. One set of cells was grown at permissive temperature, whereas the other set was first grown at low temperature and then shifted to 371C on non-fermentable medium. Upon growth of isd11-1 cells at low temperature, the mitochondrial levels of all marker proteins tested were in a similar range as those of wild-type mitochondria ( Figure 3A and data not shown). The mutant protein Isd11-1 migrated faster on SDS-PAGE than the wild-type protein (the lower signal intensity of Isd11-1 can be due to two reasons, a reduction of the amount of Isd11 in the mutant or a lower reactivity of the polyclonal antiserum against the mutant protein) ( Figure 3A , lower panel). After shift of isd11-1 cells to 371C, the level of Jac1 of the ISCassembly machinery was moderately affected ( Figure 3B A striking defect was observed for Nfs1 that was strongly diminished in isd11-1 mitochondria, similar to the strong reduction of the mutant protein Isd11-1 itself ( Figure 3B ). To obtain further insight into the role of Isd11, mitochondria isolated from cells grown at low temperature were shifted to non-permissive conditions in vitro. Nfs1 was still detectable ( Figure 3C , lane 10). Mitochondria were solubilized by digitonin and subjected to centrifugation. Isd11 from both wild-type and isd11-1 mitochondria was mainly found in the solubilized fraction like a control protein, the inner membrane protein Pam18 ( Figure 3C ). In wild-type mitochondria, the majority of Nfs1 was released to the supernatant, whereas a small fraction remained in the nonsolubilized pellet ( Figure 3C, lanes 2, 3, 8 and 9 ). In isd11-1 mitochondria, Nfs1 was released to the supernatant at low temperature but was fully found in the pellet after the heat shock ( Figure 3C, lanes 6 and 11) . We conclude that after a heat shock of isolated mitochondria, Nfs1 aggregates in isd11-1 mitochondria. After a prolonged shift of cells to non-permissive conditions, the aggregated Nfs1 is apparently degraded. Thus, Isd11 is involved in maintaining the stability of Nfs1.
Isd11 is required for the biogenesis of mitochondrial, cytosolic and nuclear Fe/S proteins
To analyze a possible function of Isd11 in Fe/S protein biogenesis, we measured the enzyme activities of mitochondrial and cytosolic Fe/S proteins. Mitochondria were isolated from wild-type and isd11-1 cells grown at 24-301C. The activities of aconitase, succinate dehydrogenase (complex II) and cytochrome c reductase (complex III) were diminished by 75-95% in isd11-1 mitochondria ( Figure 4A ). In contrast, the activity of malate dehydrogenase as a non-Fe/S control enzyme was not impaired. The steady-state levels of the Fe/S proteins aconitase, subunit 2 of succinate dehydrogenase and Rieske Fe/S protein of complex III were moderately diminished in the isd11-1 mitochondria whereas those of Nfs1, Isu1 and control proteins like porin were not reduced at these growth conditions ( Figure 4B ). The strong reduction of the enzyme activities of Fe/S proteins supports the view that Isd11 functions in mitochondrial Fe/S protein assembly.
In agreement with previous observations in various ISCassembly mutants, Fe/S apoproteins are often sensitive to degradation (see, e.g., Balk et al, 2004) . The activity of the cytosolic Fe/S protein isopropylmalate isomerase (Leu1) was two-to three-fold decreased in extracts of isd11-1 cells, whereas the activity of the control enzyme alcohol dehydrogenase did not change significantly ( Figure 4C , left panels). The protein levels of Leu1 in isd11-1 cells were comparable to those in wild-type cells ( Figure 4D, lanes 1-4) , indicating a requirement of Isd11 for Leu1 function. We also constructed a regulatable mutant strain in which the ISD11 gene was under control of the galactose-inducible and glucose-repressible promoter of GAL1-10. After depletion of Isd11 upon growth of the resulting Gal-ISD11 cells in glucose-containing medium, Leu1 activity was diminished four-fold compared to Isd11-containing cells, whereas the alcohol dehydrogenase activity was unchanged ( Figure 4C , right panels). The protein levels of Leu1 were not significantly altered upon depletion of Isd11 ( Figure 4D, lane 6 ).
To analyze whether Isd11 was involved in the de novo maturation of cellular Fe/S proteins, we determined the incorporation of 55 Fe into various Fe/S proteins (Kispal et al, 1999; Mühlenhoff et al, 2002) . Wild-type and isd11-1 cells were grown in iron-poor minimal medium and incubated with 55 Fe in the presence of ascorbate. A cell extract was prepared, Fe/S proteins were immunoprecipitated and the amounts of incorporated Fe/S clusters were estimated by scintillation counting. Fe/S cluster assembly was significantly impaired in cytosolic Leu1 ( Figure 5A ). An almost quantitative loss in Fe/S cluster incorporation into the cytosolic Rli1 (Kispal et al, 2005) and the nuclear DNA repair enzyme Ntg2 was found using Isd11-depleted Gal-ISD11 cells ( Figure 5B and C). The levels of the Fe/S apoproteins were decreased, but not as strongly as the assembly of the Fe/S clusters ( Figure 5B and C, insets) . Thus, Isd11 is required for the formation of Fe/S proteins in mitochondria, cytosol and nucleus, identifying Isd11 as a novel component of the mitochondrial ISC-assembly machinery.
An impairment of the mitochondrial ISC-assembly or ISCexport systems is generally accompanied by an increased uptake of iron into the yeast cells owing to the activation of the iron-dependent transcription factors Aft1/Aft2 Fe, washed and a cell extract was prepared using glass beads. Leu1 was immunoprecipitated. The radioactivity associated with the immuno-beads was quantified by liquid scintillation counting. (B, C) A similar analysis as described in panel A was performed using Gal-ISD11 cells after growth for 40 h in iron-poor minimal medium containing galactose or glucose. After radiolabeling, cell extracts were analyzed for the de novo assembly of the Fe/S clusters on cytosolic Rli1 HA (Kispal et al, 2005) and nuclear Ntg2 HA . (D) Cellular iron homeostasis is perturbed in isd11-1 cells. WT and isd11-1 cells carrying plasmid p415-FET3-GFP were grown in minimal medium supplemented with 200 mM ferric ammonium citrate at 24 or 301C. Cells were harvested at an optical density of 0.5 and the transcriptional activity of the FET3 promoter was determined by recording the fluorescence emission of the cell suspension at 513 nm (excitation at 480 nm). The signal of cells lacking plasmid p415-FET3-GFP was subtracted. (E) Mitochondrial iron accumulation in isd11-1 cells. Mitochondria were isolated from cells grown in rich medium containing glucose and the iron content was determined. (Rutherford et al, 2001 (Rutherford et al, , 2005 Chen et al, 2004) . These proteins sense the cellular iron concentration, and, under iron-limiting conditions or upon Fe/S protein maturation defects, they induce the expression of genes of the 'iron regulon' resulting in increased iron uptake. We analyzed the induction of the Aft1-dependent FET3 gene, encoding a copper-dependent ferroxidase, in isd11-1 cells using a fusion construct of the FET3 promoter and the GFP gene. A plasmid encoding the FET3-GFP fusion gene was transformed into wild-type and isd11-1 cells, and the cells were analyzed for GFP fluorescence. A strongly increased fluorescence intensity under iron-replete conditions was observed in isd11-1 cells as compared to wild-type cells ( Figure 5D ). We conclude that isd11-1 cells display a defect in cellular iron homeostasis.
We further asked whether cells defective in Isd11 accumulate iron within mitochondria, as this is seen for mutants in the ISC-assembly and ISC-export systems (Kispal et al, 1999; Schilke et al, 1999; Lange et al, 2000; Li et al, 2001) . The content of non-heme and non-Fe/S iron was quantified in isolated mitochondria. isd11-1 mitochondria contained a three-fold higher amount of iron ( Figure 5E ). The dramatic effect of the isd11 mutation on cellular iron uptake and mitochondrial iron accumulation supports the notion that Isd11 is a novel component of the ISC-assembly machinery.
An active cysteine desulfurase complex containing Nfs1 and Isd11
We used a yeast strain expressing Isd11 with a tandem affinity purification (TAP) tag and performed an IgG affinity purification after lysis of mitochondria under native conditions. We detected a prominent protein band of about 50 kDa and several smaller bands in the eluate that were not found with control mitochondria lacking a TAP tag. A mass spectrometric analysis of these bands led to the identification of numerous peptides derived from Nfs1 and Isd11 ( Figure 6A ). The predicted size of 51 kDa of mature-sized Nfs1 (Kispal et al, 1999; Li et al, 1999) agrees with the size of the prominent band. To obtain evidence for an interaction of Isd11 and Nfs1 in intact mitochondria, radiolabeled Isd11 was imported into mitochondria containing Nfs1 with a protein A tag ( Figure 6B ). After crosslinking with m-maleimidobenzoyl-Nhydroxysuccinimide ester (MBS), Nfs1 ProtA was purified by IgG affinity purification. Upon elution with SDS, a radiolabeled band of about 75 kDa was released ( Figure 6B, lane 2) . The size of 75 kDa corresponds to a crosslinking product between Nfs1 ProtA (65 kDa) and Isd11. When the crosslinking product was released from the IgG affinity column by TEV protease that specifically removes the protein A tag of Nfs1, the size of the crosslinking product was about 62 kDa, corresponding to the removal of the 14 kDa protein A tag ( Figure 6B, lane 3) . Thus, Isd11 imported into mitochondria is in close proximity to Nfs1.
We used BN-PAGE to further analyze the Nfs1-Isd11 complex. Radiolabeled Isd11 was imported into wild-type mitochondria that were lysed with non-ionic detergent. In addition to Isd11 running in the front of the gel, we observed a time-dependent formation of a complex migrating at about 230 kDa that we term the ISD complex ( Figure 6C, lanes 1-4) . When mitochondria were lysed by SDS, the ISD complex was dissociated ( Figure 6C, lane 7) . To determine if the ISD complex contained both Isd11 and Nsf1, radiolabeled Isd11 was imported into Nfs1 ProtA mitochondria. The ISD complex was indeed shifted to a higher molecular mass compared to the corresponding wild-type complex ( Figure 6D, lanes 3  and 4) Figure 6E , lane 1, compared to Figure 6D , lane 1). When mitochondria containing Isd11 TAP were used, the [ 35 S]Nfs1-containing complex was shifted to a higher molecular mass ( Figure 6E , lane 2) and could be purified via IgG affinity chromatography ( Figure 6E, lane 4) . These results prove that Isd11 and Nfs1 are present in the same ISD complex on BN-PAGE.
As Nfs1 was shown to interact with Isu1/Isu2 , we asked if the 230 kDa ISD complex contained the Isu proteins. The mobility of the ISD complex on BN-PAGE was not significantly changed in mitochondria containing TAP-tagged versions of the Isu proteins ( Figure 6D , lanes 6 and 7), suggesting that Isu1/Isu2 are not stoichiometric subunits of the ISD complex. For a direct analysis, we performed a two-dimensional gel analysis by first separating mitochondrial proteins by BN-PAGE, followed by a seconddimension SDS-PAGE and Western blotting ( Figure 6F ). Nfs1 migrated mainly in the 230 kDa BN region and a smaller amount was present in a region below 140 kDa, corresponding to the size of an Nfs1 dimer. The majority of Isd11 was also found in the ISD complex region and a smaller fraction in a low molecular mass region below 100 kDa. In contrast, Isu1 was not observed in the 230 kDa ISD complex but mainly in a low molecular mass region.
How can the discrepancy with the previously reported interaction between Nfs1 and Isu proteins be resolved? Previous studies with mitochondrial translocases showed that BN-PAGE analysis typically reveals the stable and stoichiometric association of proteins in core complexes, whereas transient, non-stoichiometric or loose interactions can be detected by affinity purification approaches . We purified Nfs1 ProtA from mitochondria lysed under non-denaturing conditions by IgG affinity purification and performed a Western blot with antibodies against Isd11 and Isu1. As expected from the stable association in BN-PAGE, Isd11 was efficiently copurified with Nfs1 ( Figure 6G ). Isu1 was also specifically found in the eluate, but the yield was about 10-fold lower than that of Isd11 ( Figure 6G ). As the Coomassie-stained protein bands, which were copurified in amounts roughly stoichiometric with those of Isd11 in Figure 6A , were found to contain Nfs1, it is likely that Nfs1 and Isd11 represent the major components of the ISD complex. The Isu scaffold proteins are not stoichiometric subunits of the ISD complex but can interact with the complex.
We asked if the ISD complex observed on BN-PAGE represents a functional desulfurase complex. Isolated mitochondria were treated with chloramphenicol to inhibit protein synthesis in the matrix. Mitochondrial lysates were generated with non-ionic detergent and incubated with Figure 7A, lanes 1  and 3) . In mitochondria containing TAP-tagged Isd11, this complex was shifted, confirming that it represented the ISD complex ( Figure 7A, lane 2) . During the desulfurase action of Nfs1, the sulfur derived from cysteine is bound to Nfs1 in the form of a persulfide intermediate (Zheng et al, 1994) .
To obtain evidence that the 35 S label observed in the ISD complex was present in a persulfide, we added dithiothreitol (DTT) before analyzing the samples by BN-PAGE. Thereby, the [ 35 S]cysteine-labeled ISD complex was no longer observed by digital autoradiography ( Figure 7B, lane 2) . To exclude that the ISD protein complex itself was dissociated by DTT, we used mitochondria with imported [
35 S]methioninelabeled Isd11; DTT did not dissociate the ISD complex ( Figure 7B, lane 4) . We conclude that the ISD complex observed on BN-PAGE is functional in forming a persulfide intermediate. As total mitochondrial lysates were used in the labeling reaction with [
35 S]cysteine, the preferential labeling of the ISD complex points to its major role as a mitochondrial desulfurase.
In isd11-1 mutant mitochondria, the [ 35 S]cysteine-derived labeling of the ISD complex was blocked ( Figure 7C, lane 2) . However, the ISD protein complex itself was dissociated in isd11-1 mitochondria ( Figure 7C, lane 4) and thus it could not S-labeled Isd11 (non-tagged) was imported into Nfs1 ProtA mitochondria. After incubation with MBS and quenching, mitochondria were lysed and subjected to IgG affinity chromatography. Elution was performed with SDS sample buffer or TEV protease, followed by SDS-PAGE and digital autoradiography. Asterisks, crosslinking products. (C) [
35 S]Isd11 was imported into WT mitochondria, followed by lysis with 0.1% DDM (samples 1-6) or 0.1% SDS (sample 7) and BN-PAGE analysis. (D) [
35 S]Isd11 was imported into energized mitochondria. Upon lysis with DDM, the samples were analyzed by BN-PAGE. (E) [ 35 S]Nfs1 (non-tagged) was imported into energized mitochondria. After lysis with DDM, samples 1 and 2 were directly analyzed by BN-PAGE, whereas samples 3 and 4 were first subjected to IgG affinity chromatography, followed by elution with TEV protease and BN-PAGE. (F) WT mitochondria were lysed and proteins were separated by BN-PAGE, followed by a second-dimension SDS-PAGE and Western blotting. (G) WT and Nfs1 ProtA mitochondria were subjected to IgG affinity chromatography. Isd11 and Isu1 were analyzed by SDS-PAGE and Western blotting. FT, flow-through.
be decided whether functional Isd11 was required for formation of the persulfide intermediate at Nfs1 (the released Nfs1 did not migrate as a defined band on BN-PAGE, a behavior previously observed with several Tom or Tim proteins upon release from translocase complexes; Chacinska et al, 2003 Chacinska et al, , 2005 . We therefore directly determined the enzyme activity of the cysteine desulfurase Nfs1 by following the sulfide production in extracts of isolated mitochondria . Surprisingly, the Nfs1 enzyme activity was even moderately increased in isd11-1 cells ( Figure 7D ). Thus, functional Isd11 and the formation of the ISD complex are not required for the activity of Nfs1 in sulfide production in vitro, yet both Isd11 and the ISD complex are needed for the formation of the sulfur present in Fe/S cluster-containing proteins.
We therefore asked at which stage of mitochondrial Fe/S protein biogenesis Isd11 might be necessary. We previously developed an in vivo assay, discriminating whether ISC components are required early in the synthesis of the transient Fe/S cluster on Isu1 or whether they perform their function after cluster assembly on Isu1 (Mü hlenhoff et al,  2003) . Wild-type and isd11-1 cells were transformed with a plasmid overproducing Isu1. After radiolabeling the cells with 55 Fe, Isu1 was immunoprecipitated from a cell extract and the associated radioactivity was quantified by scintillation counting. Fe/S cluster formation on Isu1 was significantly diminished in isd11-1 cells ( Figure 7E) . A five-fold reduction in Fe/S cluster assembly on Isu1 was seen after depletion of Isd11 in Gal-ISD11 cells ( Figure 7E ). The protein levels of Isu1 in these experiments were hardly altered (insets). These data suggest that Isd11, like Nfs1 , is necessary for Fe/S cluster formation on Isu1, that is, Isd11 is required at an early stage of biogenesis.
Discussion
We report the identification of an essential protein of the mitochondrial matrix. Isd11 shows all characteristics of a component of the mitochondrial machinery for Fe/S cluster assembly. Yeast mutant mitochondria of Isd11 display strong defects in the activity of Fe/S enzymes under conditions that permit efficient import of precursor proteins. The de novo formation of Fe/S clusters on cytosolic and nuclear proteins is decreased in isd11 mutant cells, in agreement with the essential role of the mitochondrial ISC-assembly machinery in the formation of extra-mitochondrial Fe/S proteins . Moreover, the iron homeostasis is disturbed in isd11 mutant cells, including activation of the iron-dependent transcription factor Aft1 and accumulation of iron in mitochondria, two typical observations in cells with a defective ISC-assembly machinery (Kispal et al, 1999; Li et al, 1999 Li et al, , 2001 Schilke et al, 1999; Lange et al, 2000; Kim et al, 2001; Mü hlenhoff et al, 2002; Chen et al, 2004; Gerber et al, 2004) .
Isd11 is well conserved in eukaryotes but not in prokaryotes. This is unprecedented for an ISC-assembly component of the mitochondrial matrix because so far all subunits are either derived from the bacterial isc operon (Nfs1, Isu1/2, Yah1, Nfu1, Isa1/2, Ssq1, Jac1) or possess homologs in bacteria (Arh1, Yfh1, Grx5) (Zheng et al, 1998; Johnson et al, 2005; Lill and Mü hlenhoff, 2005) . Isd11 belongs to the small group of mitochondrial proteins that are essential for cell viability, emphasizing the essential nature of mitochondrial Fe/S biogenesis. So far, only one essential mitochondrial protein, Erv1 of the intermembrane space, has been known that is involved in Fe/S protein biogenesis but is not (Mühlenhoff et al, 2004) . The signal recorded in samples lacking cysteine was subtracted. (E) Isd11 is required for Fe/S cluster assembly on Isu1. WT and isd11-1 cells overexpressing ISU1 from vector p426-GPD were grown for 24 h at 301C. Gal-ISD11 cells overexpressing ISU1 were grown in the presence of galactose or glucose. Fe/S cluster assembly on Isu1 was determined by 55 Fe labeling and immunoprecipitation assay described in Figure 5A . conserved in prokaryotes. Erv1, however, is required for both biogenesis of cytosolic Fe/S proteins (mitochondrial ISCexport machinery) and import of precursor proteins (Lange et al, 2001; Mesecke et al, 2005; Rissler et al, 2005) . Although it cannot be excluded that prokaryotes possess a distant homolog or analog of Isd11, the current results suggest that Isd11 is a eukaryotic addition to the prokaryote-derived ISCassembly machinery of the mitochondrial matrix.
Isd11 forms a stable complex of about 230 kDa with the cysteine desulfurase Nfs1. Our results suggest that the resulting ISD complex rather than Nfs1 alone represents the active mitochondrial desulfurase that serves as sulfur donor to the Isu scaffold proteins. When the ISD complex is dissociated in isd11 mutant mitochondria, Nfs1 is still enzymatically active as a desulfurase (S 2À release) in vitro, but this activity does not appear to represent the physiological sulfur donor in vivo, as Isd11 is additionally required for the transfer of the Nfs1-bound persulfide sulfur to the Isu proteins. In bacteria, SufS and SufE have also been shown to function as a two-component cysteine desulfurase (Johnson et al, 2005) . SufE stimulates the SufS desulfurase activity and sulfur is directly transferred from SufS to a conserved cysteine of SufE (see, e.g., Ollagnier-de-Choudens et al, 2003) . However, Isd11 does not show sequence similarity to SufE and apparently cannot function as an intermediate sulfur carrier as it does not contain any cysteine. Upon treatment of isd11 mutant mitochondria at high temperature, Nfs1 aggregates and, upon prolonged incubation of the mutant cells at non-permissive conditions, Nfs1 is degraded, indicating that Isd11 is also required for the stabilization of Nfs1. We suggest that Isd11 functions as adapter and stabilizer of Nfs1.
The 230 kDa ISD complex contains Nfs1 and Isd11 in stoichiometric amounts and is stable on BN-PAGE. A fraction of the Isu proteins is found in association with the ISD complex in an affinity purification, whereas they are released from the complex on BN-PAGE. This behavior is characteristic for proteins that are only loosely or transiently associated with a stable core complex . Although the bulk of Nfs1 and Isd11 are present in the ISD complex, minor fractions of non-assembled Isd11 and dimeric Nfs1 are also observed, possibly representing a dynamic pool for assembly reactions. The existence of distinct pools is also supported by the observation that a fraction of Isd11 but not Nfs1 is loosely associated with the inner membrane. It is tempting to speculate that the proposed sulfur transfer from an enzyme-bound persulfide intermediate at Nfs1 to the Isu proteins (Smith et al, 2001; Urbina et al, 2001 ) involves a dynamic assembly and disassembly of Isu proteins with Nfs1 and Isd11.
In summary, Isd11 is a novel subunit of the essential mitochondrial machinery for Fe/S protein biogenesis. Isd11 interacts with Nfs1 in the mitochondrial desulfurase complex and is required at an early stage of ISC biogenesis that leads to Fe/S cluster formation on the Isu scaffold proteins.
Materials and methods
Yeast strains
Yeast strains used in this study were BY4741, Isd11 TAP (Yer048w-a TAP ), Isu1 TAP and Isu2 TAP (Open Biosystems), Nfs1 ProtA (BY4741, Nfs1 tagged by homologous recombination), YPH499 and W303-1A (MATa, ura3-1, ade2-1, trp1-1, his3-11,15, leu2-3,112 ). An isd11-deletion strain (derived from YPH499) carrying a URA3-plasmid with the ISD11 (Yer048w-a/FOMP6/EDI1) open reading frame was viable like yeast wild-type cells but was unable to grow on 5-fluoroorotic acid, that is, the plasmid loss approach did not lead to a viable isd11-deletion strain. Deletion of ISD11 caused inviability of cells on any medium and temperature tested. Mutant forms of ISD11 were generated by low-fidelity PCR and cloned by gap repair into the plasmid pFL39 (Truscott et al, 2002) . In the isd11-deletion strain, the URA3-plasmid with wild-type ISD11 was exchanged against pFL39-fomp6Ts1(isd11-1) by plasmid shuffling, yielding the temperature-conditional yeast strain isd11-1 (YBG-0601a; MATa, ade2-101, his3-D200, leu2-D1, ura3-52, trp1-D63, lys2-801, isd11HADE2, pFL39-fomp6Ts1-CEN). Amino-acid substitutions in Isd11-1 are F4V, K45E, N57D, R71G, M78K and V86E, yielding a pI of 9.8 for the mutant protein compared to a pI of 10.3 of wild-type Isd11. The strain Gal-ISD11 was generated in the W303-1A background by exchanging the region À290 to À1 of ISD11 for the GAL1-10 promoter by PCR-mediated DNA replacement (Mü hlenhoff et al, 2002) . Yeast strains were cultivated in YP media (1% (w/v) yeast extract, 2% (w/v) bactopeptone) with 2% (w/v) dextrose (YPD), 2% (w/v) sucrose (YPS) or 3% (w/v) glycerol (YPG) or in rich (YP), minimal (SC) or 'iron-poor' minimal medium lacking added iron chloride.
Mitochondrial fractionation, in vitro import and complex isolations
Isolated mitochondria were sonicated in high-salt buffer (0.5 M NaCl, 10 mM Tris, pH 7.2). For aggregation assays, mitochondria were either kept on ice or heat shocked for 15 min at 371C. After centrifugation for 5 min at 20 000 g and 21C, mitochondrial pellets were resuspended in digitonin buffer (1% digitonin, 20 mM Tris, pH 7.4, 0.1 mM EDTA, 10% glycerol, 0.1 M NaCl), incubated for 15 min on ice and clarified by centrifugation for 5 min at 20 000 g and 21C.
The samples were separated into pellet and supernatant by centrifugation for 30-60 min at 100 000 g.
Precursor proteins were synthesized in rabbit reticulocyte lysate in the presence of [ 35 S]methionine/cysteine and incubated with mitochondria at 20-251C as described (Ryan et al, 2001) . Dissipation of Dc, treatment with proteinase K and extraction with 0.1 M Na 2 CO 3 (pH 11.5 or 10.8) were performed as published (Ryan et al, 2001; Truscott et al, 2003) . Crosslinking was performed with 1 mM MBS for 30 min on ice, followed by quenching with 0.1 M Tris and 20 mM cysteine for 5 min. For IgG affinity chromatography, mitochondria were lysed in 0.1% DDM or 1% digitonin with 20 mM Tris, pH 7.4, 0.1 mM EDTA, 10% glycerol, 0.25 M NaCl, 1 mM PMSF and complete protease inhibitor (Roche) (Truscott et al, 2003) .
55
Fe incorporation into Fe/S cluster apoproteins in vivo Yeast cells were labeled with radioactive iron ( 55 FeCl 3 ) in vivo and 55 Fe incorporation into various Fe/S proteins was determined as described (Kispal et al, 1999 , Mü hlenhoff et al, 2002 . isd11-1 cells were grown in iron-poor minimal medium supplemented with glucose (SD) for 16 h at various temperatures before analysis. Gal-ISD11 cells were cultivated for 24 h in SC medium and for 16 h in iron-poor SC medium supplemented with either glucose or galactose before analysis. Hemagglutinin (HA)-tagged Rli1 and Ntg2 (overproduced from the 2m plasmid p426GPD using the TDH3 promoter) and Leu1 were used as Fe/S reporter proteins.
In vitro labeling of the ISD complex Mitochondria (100 mg protein) were resuspended in 100 ml labeling buffer (0.6 M sorbitol, 20 mM Tris, pH 7.2, 0.15 M KCl, 15 mM KH 2 PO 4 , 12.5 mM MgCl 2 , 3 mg/ml fatty acid-free BSA) with 0.875 mg/ml chloramphenicol and incubated for 15 min at 201C. Mitochondria were reisolated by centrifugation for 5 min at 20 000 g and 21C, resuspended in 50 ml digitonin buffer (0.4% digitonin, 20 mM Tris/HCl, pH 7.4, 0.1 mM EDTA, 10% glycerol, 50 mM NaCl) and incubated for 5 min on ice. 
Miscellaneous
Homologs of Isd11 were identified by BLAST search against all publicly available DNA sequences (GenBank) and selected homologs were aligned with MultAlin. Published methods were used to determine induction of the iron regulon by following the fluorescence levels of GFP expressed from a FET3-GFP fusion gene (Rutherford et al, 2005) and to measure the activities of malate dehydrogenase, aconitase, succinate dehydrogenase, complex III, Leu1 and alcohol dehydrogenase (Kispal et al, 1999; Mü hlenhoff et al, 2002) . Swelling of mitochondria (Ryan et al, 2001) , native PAGE (Lutz et al, 2001 ) and BN-PAGE were performed as described. Mitochondrial iron contents were determined by the bathophenanthroline method (Li et al, 1999) .
